Corrosion is a significant damage in many reinforced concrete structures, mainly in coastal areas. The oxidation of embedded iron or steel elements degrades rebar, producing a porous layer not adhered to the metallic surface. This process could completely destroy rebar. In addition, the concrete around the metallic targets is also damaged, and a dense grid of fissures appears around the oxidized elements. The evaluation of corrosion is difficult in early stages, because damage is usually hidden. Non-destructive testing measurements, based on non-destructive testing (NDT) electric and magnetic surveys, could detect damage as consequence of corrosion. The work presented in this paper is based in several laboratory tests, which are centered in defining the effect of different corrosion stage on ground penetrating radar (GPR) signals. The analysis focuses on the evaluation of the reflected wave amplitude and its behavior. The results indicated that an accurate analysis of amplitude decay and intensity could most likely reveal an approach to the state of degradation of the embedded metallic targets because GPR images exhibit characteristics that depend on the effects of the oxidized rebar and the damaged concrete. These characteristics could be detected and measured in some cases. One important feature is referred to as the reflected wave amplitude. In the case of corroded targets, this amplitude is lower than in the case of reflection on non-oxidized surfaces. Additionally, in some cases, a blurred image appears related to high corrosion. The results of the tests highlight the higher amplitude decay of the cases of specimens with corroded elements.
Introduction
Damage as consequence of corrosion is a frequent problem in reinforced concrete structures, mainly in coastal zones; in some cases, it is the cause of early failure. The corrosion of metallic reinforcements can cause degradation of steel and, in long term, the reduction of effective sections. Actually, this damage can produce the total loss of an effective section [1] [2] [3] . The detection of damage in early stages could be significant in the maintenance of structures. However, this early detection is difficult because, in many cases, metallic elements are embedded in concrete and the damage is hidden for long period of time. Nowadays, assessment, maintenance and restoration require a significant cost of time and money, with the replacement of the structure when the damage is extended necessary in some cases.
The most common assessment is the visual inspection. However, the difficulty of detecting hidden damages requires a lot of experience, and, in many cases, corrosion cannot be detected in early stages. Some problems in concrete associated with corrosion, such as delaminating, are usually analyzed by sounding with a hammer or with a chain. However, these two sonic methods can only approximately detect damaged areas and, in most cases, the extension affected by corrosion is higher than the extension affected by delamination. In addition, detection is only possible when damage is 1.
Drill cores in combination with chemical or petrography analysis, which only provides local information [4] .
2.
Potential measurements, divided into techniques, depending on the methodology: open circuit potential (OCP), a method that determines corrosion by measuring changes in potential between metallic rebar [6, 7] , and surface potential, which is based on the detection of potential changes depending on the charge of materials [8, 9] . However, in both methods, it is necessary to drill until the metallic rebar, quantitative measurements and handling are difficult, and many factors such as the resistance of concrete and carbonation affect the results [4] . 3 .
Resistivity measurements allow for the determination concrete resistivity, with a lower resistivity suggesting a greater risk of corrosion [10] . However, this method also needs contact with embedded rebar and is sensitive to rebar configurations.
Recently, the application of ground penetrating radar (GPR) to the detection of corrosion and damage as consequence of corrosion has demonstrated its effectiveness in the detection of corrosion of the shallowest rebar by measuring qualitative changes in the amplitude, even though variation in depth could affect highly the results [11] . This non-destructive testing (NDT) technique is highly efficient in the detection of metallic objects embedded in concrete or other non-conductive materials because of the high reflectivity of metals and the contrast between the electromagnetic properties of metals and concrete [12] [13] [14] . In the last decade, several tests using qualitative and comparative analyses have demonstrated clear changes in the radar signal associated with corroded elements [15] [16] [17] [18] [19] [20] . Those qualitative results confirm this method as a useful tool in corrosion detection, as it presents several advantages over other methods: non-invasive testing, fast data acquisition, and the possibility of survey large areas. The application of GPR to corrosion detection is usually tested in laboratory [21] . However, recent field studies have demonstrated the possibility of obtaining a quantitative approach of damage degree by combining GPR with other NDT survey such as infrared thermography [22] . This paper presents some controlled laboratory tests focused on the qualitative and quantitative analysis of GPR signal changes as consequence of corrosion. The study was separated in two experimental laboratory assays. Both assays were not focused on reproducing real concrete structures but on obtaining accurate radar images with low noise levels to clearly detect rebar and corroded rebar. The first assay was based on the analysis of possible changes in the GPR signal by comparing data obtained from corroded and non-corroded targets. The second assay was focused on the analysis of the changes in the GPR images depending on the corrosion degree and its effects on the concrete. In this case, corrosion was forced on specimens with a metallic bar. Our results denoted qualitative changes in the amplitude in the first case, with an approach to a quantitative analysis of the amplitude decay. These changes were more evident in Case 2, revealing a trend that could be used in the more precise assessment of concrete structures.
Materials and Methods

GPR Fundamentals in the Detection of Corrosion
A common GPR application in structure assessment is the detection of rebar in concrete. GPR is usually applied in order to determine the location of bars, to obtain a 3D image of bar distribution (e.g., [19, [23] [24] [25] ), or to determine rebar diameter in concrete structures [12, 26, 27] . This form of detection is also used to determine damaged zones affected by water [27, 28] and cracks [29] , as well as in the diagnosis of fire-damaged reinforced concrete structures [30] .
The importance of corrosion damage in reinforced concrete structures has led to applications in this field, showing the potential in qualitative analysis (e.g., [17, 20, 31, 32] ). Several studies have shown a significant decrease in the amplitude of the GPR reflected wave in parts of the radar images [17] . This attenuation phenomenon could be associated with the corrosion of the reinforcement, facilitating the detection of damaged zones-although the degree of damage cannot be determined. However, other factors could affect GRP wave amplitude, obscuring the results and leading to complex radar data interpretations. Attenuation also depends on: (i) the depth of the targets; (ii) the existence of other small targets or heterogeneities in the concrete or in the surface of the concrete over the bar; and (iii) the geometry of the rebar. These elements are sources of uncertainty, and they only allow for the definition of approximated results. However, some corrections in amplitude could improve final interpretations.
Tests Design and Description of the Specimens
To perform the analyses, two different tests were designed that took the corrosion level of the rebars used in concrete specimens into consideration. These specimens were prepared with C30/35 concrete (fck = 30 MPa) and S460 steel rebar (fyk = 460 MPa) [33] . This concrete and rebar combination is one of the most used in building constructions. The compressive strength of the specimens was tested in the laboratory using a compressive test ( Figure 1 ). Test A: In this test group, two specimens were prepared. In the first specimen (S-1A), a 12 mm rebar exempt of any corrosion was embedded into fresh concrete. The second sample used a rebar with an advanced level of corrosion (S-2A). The specimen's dimensions were 30 × 8 × 8 cm. Later, there were no additional corrosion processes added, and the samples were surveyed with the GPR. The characteristics of those specimens are summarized in Table 1 .
Test B: In this second group of tests, the used rebar (diameter of 12 mm) was initially exempt of any corrosion. Once embedded in the fresh concrete, the initially sane rebar suffered an accelerated corrosion process under artificially ambient conditions. In this case, the specimen dimensions were 30 × 20 × 7 cm.
The corrosion process performed on the concrete samples lasted one year and was performed by using a curing chamber where a specific ambient was generated that favored the acceleration of the time of the corrosion process. The technical basis of this process was to generate a moist and warm atmosphere where the monitored variables of the process were the temperature and the humidity. In this case, the Test B group of samples was subjected to a temperature of 20 • C and to a humidity of 95%. Table 1 shows the corrosion ageing process applied in the curing chamber to four samples included in Test B. As a result, four samples, including each of the different stages of corrosion, were obtained. Table 1 summarizes the characteristics of the specimens and shows the four samples of the corroded rebar at different stages. Additionally, a ring-an annular area of shadowed concrete embracing the rebar-can be appreciated. This perimeter-shadowed area indicates that the concrete was affected by the corrosion in the rebar. Additionally, in both tests, the previously prepared samples were buried in dry sand in Test A and in wet sand in Test B (Figure 2 ). The objective of this was to obtain clear radar images because of the flat surface for the radar lines, the weaker boundary effects, and the separation between the samples surface and the antenna. The samples were buried at a depth of 10 cm in Test A and at a depth of 4 cm in Test B. The wave velocity in the sand was experimentally determined in both tests, with the average value for Test A being about 13 cm/ns, corresponding to a dielectric constant of 5,3 and an average velocity value of about 8 cm/ns for Test B" corresponding to a dielectric constant of 14. 
Data Acquisition
With the purpose of evaluating the capability of GPR in the qualitative and quantitative evaluation of the corrosion stage of rebar in reinforced concrete, an experiment consisting of acquiring GPR high frequency traces on individual specimens of test Groups A and B was set up. The measurement instrument was a 1.6 GHz nominal center frequency antenna (Mala Geosciences manufacturer). The samples were embedded in a sand container ( Figure 2 ). With this purpose, a polyvinyl chloride (PVC) box whose dimensions (100 × 100 × 40 cm) were big enough to avoid edge effects on the boundaries (Figure 2 ) was used. GPR data were acquired along radar lines perpendicular and along the axis of the specimens.
In Test A (Figure 2a,b) , the acquired sets of radar lines were obtained by moving the antenna along the axis of the specimen (longitudinal radar lines R4A and R5A) and in the orthogonal direction (transversal radar lines R1A, R2A and R3A). In Test B ( Figure 2c ) the groups of radar lines were acquired by moving the antenna only in the orthogonal direction (transversal radar lines R1B, R2B and R3B).
The radar data acquisition parameters are summarized in Table 2 . Data were analyzed without any processing flow to avoid further effects on the A-scans amplitudes. 
Results
Test A
Qualitative Analysis
The analysis of the B-scans obtained in the radar lines crossing both specimens (S-1A and S-2A) allowed for the clear observation of both pieces of metallic rebar (see Figure 3 ). In all the images, the upper and bottom surfaces of the concrete specimens were detected. A small anomaly between both targets was caused by the coupled effects at the edges of both specimens. The amplitude of the reflected wave on the surfaces was smaller than the amplitude of the reflected wave on the metallic bar due to the contrast between amplitudes.
Radar images highlighted small differences between the bars, with the image produced by the reflection on the corroded specimen being more diffuse. In addition, the two-way travel time of the anomaly associated with the reflected wave on the corroded bar was slightly higher. It was also noticeable that the effect changed at the different radar lines, most likely due to the changes in the damage along the rebar. The most blurred zone in the B-scans obtained in the radar lines along the axis of the specimen, corresponded with a specific part of one specimen (Figure 4 ). In those images, a nebulous section was recorded over the corroded specimen, probably because of the scattering in the most corroded part of the metallic rebar. The result could indicate changes in the corrosion degree along the same rebar. In the case of a non-corroded rebar, a homogeneous longitudinal reflection was recorded. 
Analysis of the Decay of the Amplitude
A detailed amplitude analysis requires the evaluation of reflected waves of the metallic bar at each A-scan. Figure 5 shows some A-scans obtained at each one of the measurements, as well as the absolute value of the amplitude. The decay on the reflected wave amplitude, A, was defined depending on the geometrical spreading and the attenuation as a consequence of the absorption and scattering:
where r is the travelled distance; A 0 is the initial amplitude and a constant coefficient; β is a coefficient that describes the geometrical spreading; and α is the absorption coefficient. Assuming that the travelled distance was small and the velocity of the wave was approximately the same in the two specimens, the only term used in the decay of the amplitude analysis was the part associated with absorption and scattering. Therefore, attenuation was found by considering the amplitude of the peaks of the wave reflected on the metallic bar in both specimens, measured in the A-scan that were collected above the rebar. The values of the amplitude were plotted as function of TWT. That representation defined the amplitude as function of the time (Figure 6 ), and the attenuation was represented by a single term in which all the terms of the decay were included:
Being α a coefficient obtained from α by using the wave velocity and converting the TWT into depths. When comparing both cases, it can be seen that the decay of the amplitude was higher in the case of the corroded rebar (Specimen S-2A). Table 3 presents the results of both approaches, denoting an important change in the attenuation in the case of the specimen with the corroded rebar. The change in the amplitude decay could be associated with the corrosion of the metallic rebar. In Test A, the concrete was not affected by the corrosion of the rebar because the corrosion process happened prior to specimen manufacturing. Therefore, the change in the attenuation was most likely due to the dispersion of the incident energy on the irregular surface of the metallic rebar. An irregular ring of affected material could be seen when removing the corroded rebar from the concrete specimen. This perimeter surface (Figure 7 ) could have produced scattering and, as a consequence, the amplitude of the reflected wave was smaller than in the case of the non-corroded rebar. Figure 7 . The difference between specimens in Test A was the corroded ring around the metallic rebar that changed the cross-section. The concrete in both cases was the same and not affected by the corroded metallic target.
Test B
Qualitative Analysis
This test was focused on the consequences of the corrosion process of a metallic rebar embedded in concrete. The corrosion of the metallic target was produced inside the specimen, affecting the concrete. The specimens were buried in sand. Radar lines were perpendicular to them. Figure 8 shows examples of the B-scans obtained at each case at different corrosion times. Radargrams S-1B, S-2B, S-3B and S-4B were obtained from specimens with a non-corroded rebar after three, six and 12 months in a special chamber forcing corrosion, respectively. In all B-scans in Figure 8 , the concrete specimen can be clearly observed, and it is possible to identify the upper and bottom sides even though the detection of the underside was more obscure. In addition, the rebar could be identified in all cases, despite the existence of differences in the anomalies. The most outstanding result was the difference between the reflections on the corroded and non-corroded bars. The anomaly due to the non-corroded target (B-scan S-1B) is clearer than the anomalies due to the other bars, getting vaguer the image as the corrosion time increased. Large corrosion time made it more difficult to identify the rebar.
Analysis of Amplitudes
The trace obtained over the metallic target at each radar line was used in the analysis of the reflected wave's amplitudes. Figure 9 presents examples of those traces at each one of the measurements. Figure 10 exhibits the absolute value of the amplitudes for the same A-scans. The decay of the amplitudes corresponding to the reflection on the metallic rebar was defined by picking the points associated with the maximum of amplitude, as seen in the graphs of Figure 10 . These points are represented in front of time (Figure 11 ), and the points were fit by an exponential curve. The coefficient determined the attenuation, mainly as consequence of absorption and dispersion of the energy. Table 4 and Figure 12 summarize the average results. Test B compared the results of specimens with metallic rebar embedded in concrete to different times of forced corrosion. The results indicated that during the corrosion process, attenuation was higher with higher times of corrosion. Possible causes of this effect could be:
•
The scattering of the GPR signal could have been produced in the concrete zone around the corroded rebar because concrete was affected with the iron oxide. Therefore, small fissures appeared adjacent to the rebar and grew in the rest of the specimen in a defined area. This fact affected the porosity and density of the medium [34, 35] . This increase of heterogeneities in a ring around the rebar (Figure 13 ) scattered the GPR signal. As a result, the amplitude of the reflected wave arriving to the surface of the medium is smaller than in the cases of lower damaged media. The effect on the GPR images could usually be an increase of background noise, diminishing the amplitude of the received signal and increasing the attenuation. Moreover, the increase of the background noise could obscure the anomaly, making the detection of the rebar difficult.
The corrosion of the metallic target presented the effect described in Test A. 
Discussion
The effect of corrosion in GPR signals was analyzed with two different tests. The first test was focused on the effect of corroded rebar, highly corroded the target. The aim of the second test was to detect the effects of corrosion affecting concrete at different stages of damage. The analysis was based on the evaluation of B-scans and A-scans, detecting changes on the amplitude of the reflected signal and changes in the blurring of the images. Previous reported works (e.g., [15, 17, 22] ) have shown that corrosion could be identified both in B-scans due to blurred images and in A-scans due to changes in the amplitude. In those cases, the change in the intensity was related to the chemical action of chlorides in the concrete as consequence of corrosion rebar. The analysis of the results of the tests presented in this paper indicated a change in the amplitude that corresponded to a decay of the wave reflected on the corroded target. Both tests highlighted the decrease on the reflected wave amplitude that was recorded by the GPR antenna in the case of corroded targets.
The analysis of the images from Test A underscores the decrease of the recorded GPR anomaly and showed a more blurred image in the case of corroded rebar (S-2A) embedded in non-affected concrete, as compared to the data from Specimen S-1A (non-corroded rebar). This result indicated that the blurring in B-scans appeared not only because of chemical changes in concrete but also in the case of corrosion that exclusively affected the rebar. A possible explanation could be related to changes on the reflective cross section. Corrosion altered the surface, making it more irregular and generating a dispersion of the incident energy. This effect has been observed in different GPR applications (e.g., [36] [37] [38] ). This result points to the possibility of corrosion detection at early stages.
The results from Test B showed that the increase of the above mentioned effects on the amplitude and the image sharpness as the corrosion grade increased, producing more blurred B-scans and higher amplitude attenuation in A-scans. In this case, the effect on the signals could have been caused by the changes on the rebar cross section. However, other possible causes could be: (1) alteration of the concrete as consequence of chemical composition changes, (2) scattering in the steel delamination and, (3) scattering in the fissured concrete. Even though the anomalies were under the resolution of the antenna [39, 40] , the changes in the medium, as heterogeneity increases, could have produced those blurred images [41] [42] [43] .
By comparing not only the amplitude of the reflected wave in an oxidized and in a non-oxidized target but also its decay, it was possible to observe a higher attenuation in the case of corroded element. The attenuation included the effects of absorption and dispersion of the signal. The trend of the decay (Figure 13 ) indicated a higher attenuation related to a higher corrosion period. The analysis of those results indicated that that decay was related to the degree of corrosion. Further controlled experiments that increase the number of samples, measurements and surveying specimens at shorter periods of time should approach the problem to provide a more precise quantitative analysis.
Conclusions
This evaluation introduces a non-destructive method oriented to the qualitative and quantitative assessment of progress of the corrosion process of reinforced concrete structures. Results point to the possible detection of corrosion at early stages. The tests were focused on a first analysis of controlled and simple specimens with the objective of obtaining clear radar images. Therefore, this work was based on the analysis of those simple specimens with the objective of obtaining not-confuse radar data that were oriented to the analysis of the specific behavior of the wave associated with corrosion. More complex settings require the consideration of more variables that could affect final data. Therefore, in more complex structures and zones, further analysis could be needed to find the association between the effects and the different variables.
Subsequently, further investigation should include more rebar in order to complicate the problem and obtain a better approach for the evaluation of real reinforced concrete structures. These non-invasive methodologies that prevent damage can contribute to a diminishing of the vulnerability of existing constructions, making them more sustainable by enlarging their live-cycles. 
